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.3UMMAHY 



This investigation v;as made to determine the effects 
of manifold water injection on the indicator diagrams and 
from these diagrams to calculate engine performance. 

In carrying out this study, four runs were made. The 
first three were made at inlot pressures of 31", 20" and 
U5 V of mercury and with a constant spark advance set for 
best poorer with no water injected, all other conditions be- 
ing held constant. From these runs it was determined that 
the indicated mean effective pressure and the volumetric 
efficiency decreased with an increase in vrater rate, while 
the indicated efficiency remained substantially constant 
up to the point where the engine commenced to miss. With 
an increase in inlet pressure it was possible to inject more 
water before the engine misfired. 

The fourth run was made at an inlet pressure of 31 M 
of mercury but with the spark set at best power for each 
water rate used. From this run it was found that because 
of partial elimination of time losses, the indicated mean 
effective pressure decreased with an increase in water rate 
but not as much as in previous runs, while the indicated 
efficiency showed a slight increase. The volumetric effi- 
ciency dropped the same as in the previous run because the 
inlet conditions were not changed. 
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INTRODUCTION 



The demand for higher engine outputs, greater than 
those allowable from detonation limited engines, has led 
to much investigation of the effect of water injection on 
detonation suppression and on overall engine performance. 

Most of these investigations have centered on the effect 
of water on detonation, and on the allowable Increase in 
power which can be drawn from the engine after the sup- 
pression of detonation. 

The purpose of this investigation has been to examine 
the effect of manifold water injection on the indicator 
card, and by use of data obtained from the indicator card 
to evaluate the indicated performance of the internal com- 
bustion engine. While much published data on water injection 
effects are available, very few experiments relating the 
effects of water injection to the indicator card have been 
conducted . 

This study was conducted in the Sloan Automotive Lab- 
oratory at Massachusetts Institute of Technology by Lieut. 
Comdr. R. F. Wadsworth, U.S.N., Lieut. Comdr. N. Garrett, 
U.S.N., and Lieut. M. M. FitzHugh, U.S.N. Professor W. A. 
Leary, of the M.I.T. staff, was supervisor. 
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DESCRIPTION 05 APPARATUS 



The test equipment included: A Coordinating Fuel 

Research (CFR) engine delivering power to u dynamometer; 
a high speed MIT engine indicator and HIT diagram con- 
verter; an American Bosch fuel injector pump for water 
injection; and instruments for measuring air, fuel, water 
and engine speed . Fuel was vaporized in a heated vapori- 
zation tank; water was injected by a Bendix injection 
nozzle into the intake manifold. A schematic diagram of 
the engine set-up is shown in Fig, 1. 

Engine 

A standard 4~cycle one-cylinder CFR engine 
No. 469373 made by Waukesha Motor Co. ?/ as used. 

The bore was 3*25 in* in diameter, the stroke 4*50 
in. and the displacement 37*33 cubic in* The com- 
pression ratio could be varied from 4 to 10 but 
was set for 6.63 for this investigation* The 
standard CFR engine is fully described in the CFR 
Handbook, 1944 edition (reference 1). 

Eynamometer 

A 5*hp motor-generator set made by the Star 
Electric Motor Co. was used as a motor to turn 
over the CFR engine for starting and motoring and 
as a generator to absorb the power delivered while 
the engine was firing. 
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MIT Indicator 



The high speed indicator is shown schemati- 
cally in Figs. 4 and 5. A description of this 
instrument is included in references 2 and 8. 
Converter 

The diagram convertor was merely a linkage 
device to convert the pressure versus crank angle 
diagram of high speed indicator to a pressure 
versus volume diagram. 

Water Injection 

The American Bosch fuel injection pump was 
used to inject water and was mounted on the half 
time shaft of the engine. Fistilled water flowed 
hy gravity from a two gallon tank into a water 
rotometor and then into the suction side of the 
pump. The pump also had a built-in surge tank and 
a centrifugal booster pump which gave a very smooth 
flow reading. A lock screw adjustment was used to 
give very fine control of water rate. A Standard 
Bendix (No. 135026, Serial 42 ) fuel injection nozzle 
was used for water injection into the manifold. The 
nozzle was set to open at 500 lb3. per so. in. at 
which a fine spray in a 45 degree cone was attained. 
Fuel System 

The gasoline used in this experiment was stan- 
dard 100 octane leaded aviation gasoline. This 
gasoline was taken from the mains of the Sloan lab- 
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oratory and passed through a fuel pump Into a 
bubble separation tank, through the fuel roto- 
meter and into the heated vaporizing tank. Qy 
a combination of two neodle valves between the 
vaporizing tank and fuel rotometer accurate 
control of fuel flow was assured. A schematic 
diagram of the fuel system is shown in Fig. 7. 
Detonation Detectio n 

Detonation was detected by a Draper detona- 
tion pickup and a Dumont oscillograph No. 722. 

This equipment was only used to test for detona- 
tion at high manifold pressures. Most of the 
runs in this investigation were made below the 
incipient detonation level. 

Air Syst em 

Air to the vaporizing tank was taken either 
from the laboratory high pressure main or from 
the test room at atmospheric pressure. A Worthing- 
ton air compressor, driven by a 75 hp Wagner 
Electric Motor, supplied the high pressure air. 

When the air was drawn from the high pressure main, 
it ?/as led to a regulator and a regulator valve 
through a .515 inch calibrated orifice into a surge 
tank through a throttle valve, a chock valve, and 
into the vaporizing tank as shown in Fig. 1. 
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Speed Control 

Speed control vae measured with g tachometer 
supplemented by a strobotac for finer adjustments. 
A drop wire rheostat in the shunt field of the 
dynamometer was employed for speed control. 
Ignition 

The ignition wiring diagram is shown in 
Fig. 6. 
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PRELIMINARY PROCBEUilE 

Prior to commen cement of this experiment, it was 
necessary to spend considerable time in testing and con- 
necting up the apparatus as shown in Fig. 1. In order 
to simulate aircraft sea level operating conditions, it 
was decided to use 100 octane fuel, a fixed compression 
ratio, and water injection into the manifold. 

A special manifold was designed, as shown in Fig. 3* 
The nozzle was aimed as close as practicable toward the 
inlet valve. Two thermometers were placed in this mani- 
fold. One was mounted before the nozzle, and one between 
the nozzle, and the inlet valve. The thermometer located 
after the nozzle was shielded to keep the water spray off 
the mercury bulb. 

It was also necessary to calibrate the fuel and water 
rotometers for at least two different room temperatures 
10 degrees apart so that interpolations could be made in 
between the curves at various temperatures. The method of 
calibration in every case consisted essentially of v/eigh- 
ing the amount of liquid which passed through the rotometer 
in a measured interval of time, during which the rotometer 
setting was maintained at a constant level. Calibration 
curves were made from the data of tables I and II and 
plotted in Figs. 8 and 9* After completion of the final 
runs, the water rotometer was recalibrated with the engine 
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running at normal operating temperatures so that all 
water readings taken during the runs were within one 
degree of the calibrated temperature. 

The air induction system v/as tested for leaks at 
48 inches of mercury and checked until there v/as less 
than *4 inches per minute pressure drop. Computations 
showed this leakage to be well below one percent of the 
air used by the engine. 

At first, it v/as thought that water injection tim- 
ing would have little effect because it was injected 
into the manifold. The inlet valve opened at 14 degrees 
after top center and closed 234 degrees after top center 
For the runs for which data is presented, the injector 
nozzle started injection at 36 degrees after top center 
and completed injection 79 degrees after top center for 
the high water rates. This allowed 155 degrees for the 
water to mix with the charge and to insure that all the 
water would be taken into the cylinder on each stroke. 
Several runs were made with the injection timed 360 
degrees from this, that is, allowing the water to accumu 
late in the manifold near the intake valve while the 
intake v/as closed* Little or no differences were noted 
in the indicator card for the two timing conditions, A 
valve timing diagram is shown in Figure 2. 

Due to the shape of the shrouded inlet valve, the 
spark plug v/as shifted on the opposite side of the cylin 
der from the normal position to prevent the water from 
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grounding out the plug. Runs were made, however, in both 
positions and practically no differences were observed in 
the indicator card for equal water rates. The engine 
stopped running at lower water rates in every case when 
the spark plug and shrouded inlet valve were placed in the 
designed operating condition. 
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PROCKnURE 



The following 3et of conditions was adopted as 
standard: 

Inlrt temperature - 160 degrees F (read at vapor- 

izing tank before 



Oil tem p eratur e - 150 degrees F 

Jacket temperature - 212 degrees F 



water injection 
nozzle) 



Engine speed 
Fuel-air ratio 



- 1200 rpm 

- .0732 



Compression ratio - 6.63 
Exhaust pressure - 32" Hg. 

Spark advance - Three sets of runs were made with 

best power spark advance set without water injection 
for each inlet pressure of 45" » 31" and 20" Hg. One 
run was made with a variable spark advance, best power 
being set for each water/ fuel ratio used for inlet 
pressure of 31" Kg. 

A warm-up period of one and one-half hours was re- 
quired as a daily routine prior to making recorded runs. 
At least twenty minutes were allowed to oltipse between 
points for steady conditions. The engine was brought as 
near as possible to the standard temperatures by using 
steam to heat the oil tank and inlet air before starting. 
An electric air heater wan used for finer control of in- 
let temperatures when necessary. 
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After steady operating conditions were attained, 
an indicator card was taken without vmter injection 
while all conditions were held constant. This was re- 
peated for several water rates up to the point where 
the engine began to miss. These runs were made at inlet 
pressures of 45", 31" and 20" of mercury, the spark ad- 
vance in each case being set for best power with no water 
and then being held constant for the remainder of the run. 

At 45" of mercury inlet pressure heavy detonation was en- 
countered. After the first indicator card was taken with 
no water, the water rate was increased until only incipi- 
ent detonation occurred. The remnind er of this run was 
made in the sane manner as the 31" and 20" of mercury in- 
let pressure runs. 

t 

After completion of the above runs, an additional 
run was made under the same conditions as the run made 
with an inlet pressure of 31 " of mercury, except that the 
spark advance was adjusted to best power for each new water 
rate. It was found that the best power setting could be 
approximated by measuring the difference in degrees after 
top center between the prossure peaks of the indicator 
cards taken with no water and cards taken at successive 
water rates for the preceding run made at constant spark 
advance and at 31" of mercury inlet pressure. Finer ad- 
justment was then made by noting with the strobotac any 
effect of small spark timing adjustment on the engine speed. 
It was found that in each case of varying water rate, the 
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best power spark advance occurred at a point which caused 
all the indicator cards of this run to peak at approxi- 
mately the same number of degrees after top center as shown 
in Fig. 13* 
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PRESENTATION CF RESULTS 



Results are presented in the form of diagrams and per- 
formance curves as follows: 

Figures 10, 11, 12, and 13 : Pressure versus crank-angle 

diagrams. Cards taken with the same inlet pressures are 
superimposed upon each other. The diagrams were traced 
directly from the cards obtained from the 2-JIT High Speed 
Indicator. They show the effect of water injection into 
the intake manifold. 

Figures 14. 15. l6« and 17 : Pressure-volume diagrams 

presented in the same way as above. These diagrams were 
converted from the pressure versus crank-angle cards. 

This operation was perhaps the largest source of error. 
Figure 18 : Indicated mean effective pressure versus 

water/fuel ratio for different inlet pressures. 

Figure 19 : Indicated efficiency versus v/ater/fuel ratio 

for different inlet pressures. 

Fi gure 20 : Volumetric efficiency versus water/ fuel ratio 

for different inlet pressures. 

Figure 21 : Indicated mean effective pressure, efficiency 

and volumetric efficiency versus wator/fuel ratio for 31" 
of mercury inlet pressure with constant spark advance and 
with best power spark advance. These curves show the ef- 
fect of partial elimination of time looses in the process 
Figure 22 : Best power spark advance versus water/fuel 

ratio. 

Figure 23 : Rate of pressure rise versus water/ fuel ratio 

for different inlet pressures. 
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DISCUSSION OF RESULTS 

Effect on Area of P-V Diagrams end In d icated Efficiency 

Fig. 19 shows that the indicated efficiency regains 
very nearly constant for increasing water/fuel ratio v/ith- 
out change in spark advance. However, the area under the 
presoure-volune diagram (Fig. 14, 15, 16, 1?) which was 
used to compute the indicated mean effective pressure 
(Fig. 18) and efficiency (Fig. 19) apparently shows a 
marked decrease in magnitude as the water/ fuel ratio in- 
creases. This apparent decrease is caused by the greatly 
reduced flame speed and a large area loss generally asso- 
ciated with time loss. It will be noted, however, that 
there is a considerable increase in area on the expansion 
stroke. It is this compensating area which keeps the ef- 
ficiency constant, or nearly so. As the water/ fuel rate 
increases, the time loss area increases, but there is a 
corresponding increase in the area under the expansion 
curve. 

Part of the increase in area may be accounted for in 
the following manner (Appendix II). Suppose that a normal 
Fuel-Air cycle is considered. For any point on the expan- 
sion line there will be found a certain pressure. Consider 
nov# that another process is carried out in which the com- 
pression stroke is identically the sane as before. Nov/, 
instead of burning at constant volume, let the burning take 
place at a changing volume. By constructing a pressure- 
volume diagram for a standard fuel-air cycle, the area under 
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the new burning line nay be computed and the new internal 
energy of the gases in the cylinder may be found. It will 
be found that since the gasea have done less work up to the 
new point, the pressure and the tempera ture at the s^ne 
volume point will be higher than the pressure and tenpera- 
ture on the original pres sure- volume diagram. Expanding 
from this point isentropically give3 a higher expansion 
curve, and therefore some additional area, which compen- 
sates in part for the time loss Involved in the constant 
volume burning. 

The rest of the increase in the compensating area is 
due entirely to the effect of the addition of water to the 
charge. The mean cylinder temperatures are lower throughout 
the cycle and the dissociation of the charge, including the 
water, is decreased with the temperature decrease (R. Wiebe,4). 
This leads to a higher percentage of COg and Hg 0 in the 
products of combustion, and on increased amount of heat ob- 
tained from the fuel. The same author has constructed 
theoretical fuel-air-weter charts and shows on increase in 
efficiency with water/ fuel rate. This agrees well with the 
results of this investigation, since it was found that with 
spark advance adjusted to eliminate the time losses as much 
as possible, the actual indicated efficiency increased 
(Fig. 21). The theoretical increase in efficiency was 
greater, since the time losses were not entirely eliminated 
in the actual engine process. 
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Kuhring (6), In a test of a Jaguar aircraft engine, 
noted a decrease in cylinder temperature when water is 
added. A decrease in heat transfer to the cooling water 
was noted in the present investigation, but the cooling 
water temperatures were held constant by varying the rate 
of coolant flow. 

effect on Volumetric Efficiency 

The volumetric efficiency (Figs. 20 and 21) dropped 
off with an increase in water rate because the water wag 
injected into the manifold, end the water end rater vapor 
displaced, some of the air which would have entered the 
cylinder. For this investigation the inlet conditions used 
in calculating the volumetric efficiency are defined by the 
pressure and temperature of the air and fuel vapor in the 
mixing tank. 

Effect on Indicated feean Effective Pressure 

The indicated mean effective £>ressure (Figs. 16 and 21) 
dropped with increasing water/fuel ratios r/iainly because the 
volumetric efficiency was reduced. The expression stating 
that IMEP varies directly with e^(FE c ij, ) shows that if in- 
let conditions are hept constant, the fuel-air ratio remains 
constant, the same fuel is used, and, as in this case, the 
indicated efficiency remains substantially constant, then 
the Indicated mean effective pressure is proportional to 
volumetric efficiency and should be expected to decrease. 
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On the other hand, had the water been Injected into the 
cylinder after the valves were closed, there would be no 
change in volumetric efficiency and the indicated mean 
effective pressure would Increase, as has been shown by 
several other investigations (10). 

Effect on Compression Stroke 

The tulge in the compression line (Figs. 10, 11 and 12) 
at high water rates is very likely caused by licuid water 
impinging on the hot cylinder surfaces and transferring heat 
from them. This water flashes to steam, and the heat added 
to the charge Increases the sensible energy of the system 
and causes ft pressure rise in the cylinder. At the lower 
water rates it is likely that not enough liquid water gets 
into the cylinder to cause a noticeable change in the com- 
pression process. Ordinarily, it would be expected that when 
water is introduced to a heated charge, the effect would be 
to lower the pressure and the temperature, and a thermometer 
placed on the intake manifold between the injection nozzle 
and the inlet valve showed such a decrease in the temperature 
of the charge. However, in the case of extreme water rates, 
there is actually enough heat transferred from the cylinder 
walls to increase the cylinder pressure. 

Effect on Spark Advance 

It is to be expected that with constant piston speed 
and constant inlet conditions, the flame speed will decrease 
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with an inert diluent in the charge. The re suite show that 
the r* te of pressure rise (Fig. 23) is nearly linear with 
water/fuel ratio. AIbo, the spark advance must be increased 
as the flame speed decreases to keep the time losses at a 
minimum. The results show that the spark advance (Fig. 22) 
required for best power is also a linear function of the 
water/ fuel ratio. 

Experimental Error 

In this work It was found that the greatest source of 
error was in the transfer of the dp/d8 diagram to the pres- 
sure-volume diagram. The utmost care in the operation of 
the KIT transfer machine is required. 

After the data for this investigation had been obtained, 

r\ 

test runs rere made under the same conditions as previous 
runs and the computations from these runs produced results 
within one and one-half percent of the original runs. 



I 












. 1*1 












I* 







































































1 HU 




















19 



CONCLUSIONS 

Ab c result of this investigation of the effects of 
manifold water injection on the engine indicator card, the 
following conclusions may be drown: 

1. The indicated efficiency remains substantially constant 
within the range of water/fuel ratios needed to quell 
detonation when the spark Is set for best power with 

no Injection. However, adjusting the spark for best 
power at each water rote c&iises the efficiency to in- 
crease within the sane range. 

2. As the water/ fuel ratio is increased, the volumetric 
efficiency decreases linearly. This decrease is the 
s ame for engine operation under constant best power 
spark advance net for no water rate and for beet power 
spark advance set for each water rate, since the inlet 
conditions do not change. 

3. The indicated mean effective pressure decreases with 
an increase In water/ fuel ratio, the decrease being 
less when best power spsrk is set for each water rate 
than when constant spark advance is used. 

4. The maximum pressures of the cycle decrease with water/ 
fuel ratio increase, the decrease being greater in the 
case of constant eperk advance set for best power with 
no water. The pressure pe*ks also occur further after 
top center with water rate increase except for best power 
spark advance, where they all peak at approximately the 
same distance after top center. 
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5 . The time losses Increase with water rate, but the ex- 
pansion line becomes higher, partially compensating 
for the time loss. 

6. The best power spark advance varies linearly with 
water/fuel ratio, increasing with an increase in the 
water rate. 

7. The amount of water that can be injected into the mani- 
fold of an engine before it commences to miss is a 
function of the inlet pressure. An engine with higher 
inlet pressure is able to absorb n greater amount of 
water before missing. 
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APPENDIX I 



A 

e 

E C - 

w corab~ 

K 

9 

f 

F/A - 
h 

^6 

I HP - 

IKEP - 

K 

L 

*a - 

% - 

n 

N 

- 

P 

Pi - 

?l - 

R 



Symbol a Used in Sample Calculi? tlons 

Area of indicator card in square Inches. 
Volumetric efficiency. 

Heating value of fuel (19000 Btu per lb). 

Energy due to the change in base of the fuel- 
oir mixture. 

Sensible energy of the mixture. 

Ratio of residual gas to gas in total charge. 
Fuel-Air Rrtio* 

Inches of rater pressure difference across the 
orifice. 

Sensible enthalpy of the mixture. 

Indicated horse power. 

Indicated mean effective pressure. 

Spring constant of indicator lbs/in. 

Length of indicator card (5 Inches). 

Lbs of air/sec. supplied. 

Lbs of fuel/ sec. supplied. 

Number of suction stroke s/sec. 

RPH 3 1200. 

Indicated thermal efficiency 

Pressure before orifice in inches of Hg. 

p 

Inlet pressure in lbs/in^ measured in the mixing 
tank. 

Density at Inlet lbs/ft3. 

53.3 ft 1 be/lb °R. 
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Tempera ture ut orifice °it. 

Inlet temper* turn of elr. 

Conversion factor (Btu/IHI -hr) . 

Conversion factor t nd orifice coefficient for 
.515 inch ciisweter orifice. 
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SAMPLE OSCULATIONS 



For run with 20" of mercury inlet pressure: 




.01*25 




.01825 ./SSE U3S . 

V 536 



.00712 lbs. 
air/oec. 



F/A = 

% 

Hf r F/A x Ka * *0782 x .00712 r .000556 lbs. fuel/sec. 



IHP « ■ 
IMEP - 



IHP * 



IMHP X X N 

2 x 12 x 33000 

A x K , 3.542 x 100 
L 5 

70.85 x 37.33 x 1200 
2 x 12 x 33000 



4.0 H.P. 






IHP x 2545 
* M f x E 0 x 3600 



IHP x .0000372 _ 4*0 x .0000372 

Mf “ .000556 



e 

S % n V* 

$i * 2 ° n = 9 * 82 iWin. 

?» 5 s - 0428 lb8/oubio foot - 

.00712 x 1728 
e = .0428 x 37.33 x 10 



.77 
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